This paper reviews the effects of high-performance concrete mix ingredients on its resistance to impact of non-deforming projectiles, and on the resistance of layered barriers, engineered based on these findings. First, the reported effects of the aggregate types and sizes and the application of steel fibres, which were observed experimentally, are presented, considering resistance parameters that include the impact energy at the ballistic limit, the extent of the damaged areas at the impacted (front) and rear faces and the overall damage. These findings indicate that a protective barrier may be engineered to have layers that utilize these effects to produce a better performance under impact. Results from reported experiments of doublelayered specimens, which examined the effects of the aggregate size and application of fibres, confirm this idea to a certain extent. They lead to conclusions regarding the importance of fibres in mitigating the damage, the use of large aggregates in a thicker front layer and their associated effect on increasing the damage at the front, impacted face. A 'resistance index' is proposed to quantify the resistance in a comprehensive way and the experimental results have been re-evaluated in view of this parameter.
This article is part of the themed issue 'Experimental testing and modelling of brittle materials at high strain rates'. It was found that the empirical constant that was used in the abrasion model did not depend on the projectile diameter or mass and that it was lower for mixes with limestone aggregates than for mixes with quartz aggregates (about 50% difference). This finding indicated that higher abrasion is caused by harder aggregates. These researchers presented a table that showed that predicted penetration depths were lower and closer to the experimentally measured depths when the abrasion model was applied in their analytical model. Note though, that their findings refer to very high striking velocities of 450-1024 m s −1 .
The need to provide global structural resistance to reflected pressure from blast loads requires the use of reinforcing steel bars (rebars). Flexural and shear reinforcement, which is thus provided in a protective structural element, can enhance its resistance also to impact of fragments (or projectiles), mainly by controlling the damaged inflicted on the barrier. Rear face scabbing can be limited by dense reinforcement mesh placed perpendicular to the load direction [5] , as well as lacing the front and rear face meshes [5, 21] , which may enhance the shear resistance of the protective element. As for the resistance to penetration, it was believed until about three decades ago that there is no significant effect on the penetration depth of relatively light to medium reinforcement ratios within the range of 0.3-1.5% (or of the aggregate size, within a relatively wide range of 0.5 to 50 of the projectile diameter-to-aggregate size ratio) [22] . Yet, later it has been stated that the ballistic limit and failure mechanisms of concrete structures are dependent on the amount and type of reinforcement [23] . Thus, most published empirical formulae do not explicitly account for the flexural reinforcement, although the relatively more recent ones do include a parameter that represents it [2, 4, 24] .
This paper presents examination of experimental results from tests that were performed at NBRI. First, this examination considers criteria for assessment of the resistance of a barrier to impact of non-deforming projectiles (or fragments). Then, it analyses results that shed light on the roles of the concrete strength and mix ingredients and their effects on the impact resistance, focusing on the influence of the aggregate types and sizes and the application of steel fibres. These findings suggest that a protective barrier may be engineered to have layers that utilize these effects to produce a better performance under impact. Consequently, the second part of the paper examines results from tests of double-layered specimens and shows an investigation of this idea. Additionally, a 'resistance index' is proposed as a comprehensive measure of the resistance.
Resistance parameters
Resistance to impact of finite-thickness barriers may be evaluated according to two main criteria: the ballistic limit and the damage caused to an impacted barrier. Another criterion is the residual velocity, whose measurement is rather challenging and is not discussed in this paper. The first criterion refers to the barrier's ability to prevent perforation under projectile impact. For a given barrier thickness and non-deforming projectile parameters (mass M p , diameter d p and nose shape, denoted by a coefficient termed 'N') the ballistic limit is marked by the projectile's velocity V bl or its energy E bl (where E bl = M p V 2 bl /2) at the perforation limit. To evaluate the resistance for each test in the experiments performed at NBRI (see the following text), a six-level qualitative scale was used, which was defined according to the observed level of the rear face damage (see also [25, 26] ). This scale defines the various damage levels ranging from none or minimal damage (level 1) to total perforation (level 6). Level 5 was defined as 'perforation of specimen without full penetration of projectile through target' and level 6 as 'projectile perforated through specimen and exited with residual velocity' (i.e. when the target was perforated and the projectile was found behind it, after the test). Ballistic limit (or 'perforation limit') was marked as 'level 5.5', when the projectile was actually found stuck in the target, with its nose, sticking out of the rear face. If, for a certain specimen, a result of a stuck projectile has not been obtained, V bl was determined by interpolation between the velocities that yielded damage levels 5 and 6. It is further noted that in few cases only a result of 'level 5' was reached. In these cases, extrapolated E bl results are indicated in the graphs. 
(a) Damage quantification
The second criterion includes three parameters that represent the amount of material that fails during the penetration process. The first parameter is the penetration depth X, in case that the barrier has not been perforated, and the other two are measures of the damage inflicted to the front (impacted) and rear (protected) faces of the barrier. The latter measures can be represented either by an equivalent diameter of the damaged area (denoted here D eq,front or D eq,rear ) as illustrated in figure 1 , or by measuring the damaged area on each face. This measurement can be done by marking the contour of this area and using an image analysis software to measure it. An additional measure, which integrates these parameters (including the depths of the front and rear craters), is the weight loss, obtained by measuring the weight of a specimen before and after it is impacted. It should be noted that for design purposes there is another criterion of the 'scabbing limit', which refers to the threshold of initiating rear face damage. This criterion, which in a way relates to the other above-mentioned damage parameters, is not considered in the following text.
The extent of the front and rear face damage is a measure of a barrier's ability to withstand multiple strikes, and hence-of its vulnerability. The penetration depth would be lower as the resistance is higher and it has been related in many studies to the thickness required to prevent rear scabbing or perforation (e.g. [1, 27] ).
A non-dimensional 'impact function', I, has been proposed for a given non-deforming projectile, striking a target made of concrete with compressive strength f c (measured on standard cylinders), as follows [28] :
where S is an empirical (non-dimensional) constant of the concrete adopted from [29, 30] and given by S = 82.6f
The impact function I represents the damage potential of the given target, and it has been used as a variable in a derivation of a quantitative evaluation of the penetration depth [28] . Hence, it could apparently be considered for evaluation of other damage parameters. Figure 2 shows damage parameters versus two measures: the impact function I (equation (2.1)), and the striking energy. The results shown in the figure were obtained from specimens made of normal and high strength concrete (NSC and HSC, respectively) with different types of aggregates (see more details in the following text) [25] . D eq,avg in figure 2d represents an average diameter of the total (front and rear) damaged area. Therefore, it has been defined as equal to the square root of the average It is evident from figure 2 that there is no apparent advantage in examining the damage parameters in view of the impact function. Hence, evaluation of the resistance in the following text is presented with respect to the ratio E/E bl between the striking energy E and the ballistic limit energy E bl . 
Empirical observations of single-layered specimens
In the following, the main results from a test series of single-layered specimens are reviewed and examined, with respect to the resistance parameters described above, focusing on the effects of the concrete strength, addition of steel fibres and aggregates type and size. These tests were performed on 200 mm thick, 800/800 mm 2 target specimens, stricken by 1.5 kg, 50 mm diameter, hardened steel projectiles with a conical nose (of 75/50 length-to-diameter ratio), yielding V bl values that ranged from 249 to 320 m s −1 [25] . The average compressive strength of the NSC control specimens was 40 MPa whereas the HSC specimens' average strengths were approximately 95-115 MPa (compressive strengths were measured at 28 days from 7 days wet cured, 10 cm cubes for mixtures with 22 mm aggregates, and 12 and 15 cm cubes for mixtures with 50 mm aggregates). All specimens included reinforcement meshes of 8 mm deformed bars (nominal yield strength of 400 MPa) at spacing of 200 and 100 mm near the front and rear faces, respectively. The specimens notation and fibres and aggregates type and size are given in table 1. Figure 3 shows the perforation resistance of the specimens given in table 1, depicted by the ballistic limit energy E bl . Results in the figure are labelled by ratios between E bl values of the different specimens and of the control plain NSC and HSC specimens, E bl /E bl (NSC_P) and E bl /E bl (HSC_P), respectively. It can be seen from the figure that increased concrete strength led to increased resistance, where E bl /E bl (NSC_P) ratios range from 1.28 to 1.65. Yet, concrete strength was not the only parameter that affected the resistance, where with similar concrete (high) strengths, the E bl /E bl (HSC_P) ratios ranged from 1.03 to 1.28 ( figure 3 ). The figure also shows that the main increase in perforation resistance was obtained in specimens with the harder Basalt and Flint aggregates, while the effect of adding fibres was less pronounced (compare in figure 3 fibrous specimens with dolomite aggregates HSC, HSC_D50_sf and HSC_D50, with the plain HSC_P specimen, which differed by up to 6% only). Further increase was obtained when the harder aggregates had a larger maximum size (23 to 28 per cent increase, compared with the plain HSC that included 22 mm dolomite aggregates).
Damage parameters of these specimens at a striking energy E ≈ E bl are shown in figure 4 . Note that due to scatter in the results (as well as minor yaws of the projectile) specimen 'HSC_B22' (HSC with 22 mm basalt aggregates and steel fibres) suffered at E/E bl = 0.92 only minor cracking at its rear face, which did not form a visible measurable contour (hence, D eq,rear = 0). Yet, at E/E bl = 0.86 rear face cracking did form a measurable contour and therefore both results are shown in figure 4b,c. Similarly, figure 4 includes both results of 'HSC_P' (plain HSC with 22-mm aggregates) at E/E bl = 0.99 and 1.0.
It is evident from figure 4a that addition of steel fibres had a pronounced effect on reducing the front face damage of the HSC specimens. NSC also had relatively small damaged area at its front face but this result becomes less significant when the lower perforation resistance of this specimen (figure 3) is also considered. Fibres were also useful in reducing the rear and overall damage, especially in HSC specimens (figure 4b,c). The lowest damaged equivalent diameter was obtained, though, at the specimen that included small (12 mm) Flint aggregates (figure 4b) while HSC specimens with the large, 50 mm basalt and dolomite aggregates, which exhibited the highest perforation resistance, suffered the largest rear face and overall damage (figure 4b,c).
It can thus be concluded that increasing the concrete compressive strength led to increased perforation resistance with a further increase by using large and hard aggregates (i.e. basalt and flint). However, these aggregates and the increased strength also led to increased front and rear face damage. This cause of vulnerability can be mitigated by application of steel fibres.
Layered barriers
The above-described findings suggest that different ingredients could be engineered for different purposes by applying them at different layers of the barrier. For example, application of relatively large aggregates at the front face to resist penetration of a striking projectile (or fragment), and small aggregates at the rear face to reduce the rear damaged area. Thus, the above results called for Figure 3 . Perforation resistance of NSC and HSC specimens with various aggregate types and sizes (data from [25] ). (Online version in colour.) Table 1 . Single-layered specimens details (data from [25] examination of the resistance of layered barriers. This conclusion, however, is not trivial, because in metal barriers, (shields) it has been noted that using a layered structure generally leads to decreased resistance to projectile penetration [31] . Yet, it is also known that the projectile nose shape is very significant when considering impact resistance of metal plates, leading in this case, to an opposite result of increased resistance of layered metal barriers [31, 32] . This conclusion has to do with the mode of failure, caused by sharp versus flat nosed projectiles, which become different in monolithic versus layered shields [31] . In order to examine the effectiveness of engineered layered barriers, a follow-up test series was conducted on similar 800/800 mm 2 target specimens [26] . All specimens of this series were made of HSC with dolomite aggregates and average strengths of approximately 90-115 MPa (at 28 days, from 12 and 15 cm cubes) and included reinforcement meshes of 8 mm deformed bars (nominal yield strength of 400 MPa) at spacings of 200 and 100 mm near the front and rear faces, respectively. The parameters that were examined in these tests were the influence of applying different sizes of aggregates (maximum sizes were 19 and 37 mm, respectively, denoted in the following as 'small' and 'large' aggregates) with or without steel fibres, in double-layered specimens. The thickness of these layers was also examined. Note that a total 200 mm thickness of the specimens was kept constant. Casting of the layers was continuous, rear layer on top of 
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E/E bl = 0.92 (for a lower limit of E bl )
E/E bl = 1.01 front layer (horizontal forms). Single-layer, control specimens were also prepared and tested. The projectiles in these tests had the same diameter (50 mm) and the same hardened steel nose as in the previous test series but here they included a rear polycarbonate sleeve (in order to enhance their ballistic stability) and had a total weight of approximately 1.77 kg. It is noted that the sleeve reached the target with the nose (it was not a sabot that separated from the steel nose before reaching the specimen) and therefore its mass has been taken into account in calculations of E bl . Details of the specimens from this test series are given in table 2. The resistance to perforation, indicated by the striking energy at the ballistic limit E bl , is shown in figure 5 . It is evident from the figure that the control, single-layered plain specimen with small aggregates (SL0-19) had the lowest resistance. E bl -to-E bl (SL0-19) ratios, which are marked in the figure, show that an increase of about 20 per cent in the resistance was obtained by applying large aggregates and further increases up to approximately 30 and approximately 40 per centby applying fibres in one layer and throughout the thickness, respectively. Note that a 30 per cent increase was obtained also without fibres, with a thicker layer of large aggregates (see TFL0-37/19 in figure 5 ). The specimens with a thicker front layer with large aggregates and rear fibrous layer with small aggregates exhibited the highest perforation resistance. Compared with the control specimen, the target with the plain concrete at the front layer exhibited an increase of approximately 50 per cent, while application of fibres in both layers led to the highest increase in resistance, of approximately 60 per cent (TFL0-37/60-19 and TFL60-37/19, respectively, figure 5) . 55 In order to better identify the effects of the parameters that were examined, the results are presented in the following text in groups of specimens that shared at least one common parameter.
(a) Small aggregates at the front layer
The control, single-layered specimen did not include fibres or large aggregates. Its performance is compared in figure 6 with specimens that included addition of fibres and/or large aggregates. The performance under impact is examined here in view of the ballistic limit and the damage parameters described above. In this series of tests, however, instead of using an equivalent diameter, the damaged area itself was marked and calculated (as explained above). Similarly, the weight loss substitutes here the above-used equivalent diameter of the average damaged areas, and indicates the total damage inflicted on the target. The damaged areas and weight loss in the following figures are presented as percentage of the target area (6400 cm 2 ) and of the initial weight (respectively) at impact levels of E/E bl ≈ 1. Figures 6a,b,d show that addition of fibres in specimens with small aggregates at the front layer led to the highest resistance (figure 6a) as well as the lowest total damage, and limited the front face damage (refer to specimen SL60-19). The relative front and rear damaged areas were respectively lowest in the 60-19/0-37 specimen with a fibrous front layer and large aggregates at the rear layer and in the 0/60-19 specimen with fibres only at the rear layer (figures 6c,d, respectively). However, the other resistance parameters of these specimens indicate that there is no advantage in these arrangements of layers.
(b) Large aggregates at the front layer
Examination of the effects of applying large aggregates at the impacted (front) face with different arrangements of small aggregates and fibres in single-and double-layered specimens is presented in figure 7 . Application of large aggregates without fibres, with or without small ones at a rear E/E bl = 1 Figure 7 . Specimens with 37 mm aggregates at the front layer-effect of aggregate size and application of fibres on the perforation resistance and on the damage parameters (measured at the indicated E/E bl levels; data from [26] layer, yielded the lowest resistance, similarly to the above case of small aggregates (specimens 0-37/19 and SL0-37, figure 7) . A single-layered specimen with large aggregates and steel fibres led to the highest resistance and best (or near best) performance in all damage parameters. Thus, an increase of 22 per cent was measured in E bl when fibres were added to a single-layered specimen (compare SL60-37 with SL0-37 in figure 7a ). Relative front and rear damaged areas of about 7 and 22 per cent (respectively) were caused at E = E bl of this specimen (SL60-37), compared with 22 and 25 per cent at specimen 0-37/60-19 with small aggregates and fibres in the rear layer and approximately 12 and 38 per cent at the single-layered SL0-37 specimen (figures 7b,c). The most conclusive result with regard to reducing vulnerability of this group of specimens is the lowest overall damage (weight loss) that was measured in the two specimens that included steel fibres within their whole width (see 60-37/19 and SL60-37, figure 7d ).
(c) Thicker front layer with large aggregates Figure 5 indicates that a barrier with a fibrous thicker front layer had the highest perforation resistance. It is therefore expected to examine the performance of the barriers with a thicker front layer with respect to the damage parameters. Figure 8 shows the effect of a thicker front layer with 37-mm aggregates on the perforation resistance and on the damage parameters. It can be seen in the figure that the high perforation resistance of the TFL60-37/19 specimen caused relatively increased front face damage (figures 8a,b), where the single-layered fibrous specimens exhibited the lowest front damage (SL60-19 and SL60-37, figure 8b ). Yet, when considering the rear and overall damage, the performance of the specimens with a thicker front layer and fibres was the best of this group (see TFL0-37/60-19 and TFL60-37/19 in figures 8c,d). It should be noted that while these, either fully or partially, fibrous specimens performed well under impact, the same specimen without any fibres had a relatively low resistance with respect to all four criteria (i.e. relatively low E bl and high damage parameters of specimen TFL0-37/19, figure 8 ). 
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T F L 0 -3 7 / 6 0 -1 9 T F L 6 0 -3 7 / 1 9 front damaged area (%) Figure 8 . Effect of a thicker front layer with 37-mm aggregates on the perforation resistance and on the damage parameters (measured at the indicated E/E bl levels; data from [26] ). 
Discussion (a) Resistance index
The above results suggest that a barrier may have a certain perforation resistance, delineated by a certain ballistic limit energy of a given projectile (refer to figures 3 and 5), while exhibiting vulnerability, manifested by the damage inflicted on it (at or near the ballistic limit). A comprehensive assessment of the overall performance of a barrier under impact can be obtained by considering both these parameters, i.e. the ballistic limit and the damage. It may be based on the understanding that the higher the required ballistic limit energy E bl and the lower the damage it inflicts on the barrier-the higher the resistance (and the better the performance). Hence, the following 'resistance index' RI is defined herein as follows:
where Vol d is the total damaged volume. Note that RI has dimensions of force per area. The damaged volume in the second series of tests discussed above has been obtained from the relative weight loss, WL, multiplied by the initial volume of the target (i.e.
where WL is equal to the difference in the weight of the specimen before and after impact, divided by its initial weight (refer to figures 6d-8d). Figure 9 shows RI values of the double-layered tests. It can be seen that according to this parameter the lowest resistance index was measured at the plain specimens, where plain doublelayered targets had RI values of 5.4 and 6 MPa, while the resistance index of the single-layered targets was somewhat higher (7.2-7. E/E bl = 1
E/E bl = 1.04 interpolated result
E/E bl = 1.02 interpolated result 0 Figure 9 . Resistance indexes (at the indicated E/E bl levels; calculated with data from [26] ). (Online version in colour.)
is that the single-layered specimens with steel fibres and specimens with a front layer with large aggregates, which were either thicker without fibres or narrower with fibres (TFL0-37/60-19 and 60-37/19, respectively) had similar resistance indexes of about 19 MPa. Finally, the highest resistance index (23.2 MPa) was recorded at the double-layered specimen with a thick front layer that comprised 37-mm aggregates and had steel fibres throughout its thickness. These findings point out the importance of adding steel fibres to the concrete mix of a protective barrier. Steel fibres are known to contribute to concrete shear (e.g. [33] ) and punching [34] resistance. They increase the perforation resistance and the damage inflicted under impact by arresting propagation of cracks that cause development of the rear and front craters. According to the above results, their effect on restraining damage is more pronounced than on increasing the ballistic limit. Yet, the increased resistance of barriers that included large dolomite aggregates, especially at their front layer, was best materialized when they were applied with steel fibres (as indicated in figures 5, 8 and 9 ). It should be noted that the double-layered test series examined only one type of aggregates (i.e. dolomite). Although dolomite is considered as a relatively hard rock, the results obtained at the single-layered test series with harder, basalt or flint aggregates [25] showed potential for further enhancement of the resistance indexes plotted in figure 9 .
(b) Comparison with calculated values of E bl
Most of the formulae that predict the ballistic limit are empirical and thus only few have been calibrated for HSC. A relatively new version of the original CEA-EDF (from French: Alternative Energies and Atomic Energy Commission-Electricity of France) formula is valid within concrete strengths that range up to 80 MPa [4] . This validity limit of the strength is just below, yet fairly close to the concrete compressive strength of the HSC specimens tested in the above-discussed double-layered series, especially when considering that the reported approximately 90-115 MPa concrete strength in this series was measured on cubes, which yield higher values than cylinders. Predictions of this formula have been reported to be in very good agreement with experimental results [4] . In addition to its extended validity range of the concrete strength, it considers the amount of conventional bending reinforcement. This formula can be presented as follows: concrete compressive strength. The reinforcement is represented by M r , which is the bending steel reinforcement density, where M 0 is its reference value (200 kg m −3 ) and γ is a constant, equal to 0.7 for this case of front and rear meshes. This formula also takes into account the projectile nose shape (the factor N in equation (5.2)). However, in the following comparison this factor has been set to 1.0 because otherwise the values suggested by the formula yield exceptionally high perforation velocities (which correspond to E bl values that are about three times higher than those obtained with N = 1). Figure 10 shows experimental-to-predicted E bl ratios, where the experimental values are those shown in figure 5 (f c values measured from cubes were transformed into cylinder values by factors that ranged from 0.71 to 0.97, depending on the fibres contents and size of the cube). All ratios in figure 10 are smaller than 1.0, indicating un-conservative theoretical predictions. The calculated predictions have better agreement with E bl values of the fibrous specimens with large aggregates, either single-layered or with a thicker front layer (exp.-to-calc. ratios of approximately 0.85-0.9, figure 10), than their agreement with the other specimens, especially the single-layered plain specimen (refer to SL0-19 with exp.-to-calc. ratio of 0.64, figure 10 ). This unexpected result suggests that there is still a gap in the ability to predict the perforation resistance of HPC barriers. Furthermore, prediction of a 'resistance index' that would represent also the damage inflicted in the impacted barrier (e.g. as the one defined above) has yet to be formulated.
Conclusion
The paper reviews effects of HPC mix ingredients on its resistance to impact of non-deforming projectiles, and on the resistance of layered barriers, engineered based on these findings. First, the effects of the aggregate types and sizes and the application of steel fibres, which were observed experimentally, are presented, considering resistance parameters that include the impact energy at the ballistic limit, E bl , the extent of the damaged areas at the impacted (front) and rear faces and the overall damage. These observations show that increasing the concrete compressive strength led to increased perforation resistance with a further increase by using large and hard aggregates (i.e. basalt and flint), that also caused increased front and rear face damage. They also showed that the damage, which is a cause of the barrier's vulnerability, was mitigated by application of steel fibres.
These findings suggest that a protective barrier may be engineered to have layers that use these effects to produce better performance under impact. Results from experiments of double-layered specimens, which examined the effects of the aggregate size and application of fibres, confirm this idea to a certain extent and have led to the following conclusions:
1. The control, single-layered plain specimen with regular coarse (19-mm) aggregates had the lowest E bl . 2. An increase of about 20 per cent in E bl was obtained by applying large aggregates and a further increase of up to approximately 30 and approximately 40 per cent-by applying fibres in one layer and throughout the thickness, respectively. 3. The specimen with a fibrous rear layer and thicker front layer with large aggregates, without and with fibres exhibited an increase of up to approximately 50 and approximately 60 per cent, respectively. 4. Addition of fibres led to the highest resistance, as well as to the lowest total damage and to limited front face damage. 5. Thicker front layer with large aggregates and fibres exhibited increased resistance (high E bl ) and mitigation of the rear and overall damage. However, they also showed larger vulnerability (i.e. larger damage) at the impacted face. 6. A 'resistance index' RI is proposed to quantify the comprehensive resistance, considering both E bl and the inflicted damage. It is shown that in terms of RI the plain specimens had the lowest resistance and the highest one was of the double-layered specimen with a thick front layer that comprised 37 mm aggregates with steel fibres throughout its thickness. 7. Comparison of the experimental E bl values with those predicted by a modified version of the CEA-EDF formula, showed un-conservative results with an unexpected lowest difference of the fibrous specimens with large aggregates, which are not represented in the formula.
The above-discussed parameters of the double-layered test series included only one type of aggregates (dolomite). Further experimental study is required to examine effects of other parameters, such as the hardness of the aggregates in layered configurations (this parameter was examined only in the single-layered test series). Additionally, extensive computational and further experimental efforts are required to delineate the current observations of the different effects on the mechanical properties and on the parameters that pertain to impact resistance, in order to better understand and quantify them.
